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Abstract
Electroencephalography (EEG) frequencies have been linked to specific functions as an ‘‘electrophysiological signature’’ of a
function. A combination of oscillatory rhythms has also been described for specific functions, with or without predominance
of one specific frequency-band. In a simultaneous fMRI-EEG study at 3 T we studied the relationship between the default
mode network (DMN) and the power of EEG frequency bands. As a methodological approach, we applied Multivariate
Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) and dual regression analysis for
fMRI resting state data. EEG power for the alpha, beta, delta and theta-bands were extracted from the structures forming the
DMN in a region-of-interest approach by applying Low Resolution Electromagnetic Tomography (LORETA). A strong link
between the spontaneous BOLD response of the left parahippocampal gyrus and the delta-band extracted from the
anterior cingulate cortex was found. A positive correlation between the beta-1 frequency power extracted from the
posterior cingulate cortex (PCC) and the spontaneous BOLD response of the right supplementary motor cortex was also
established. The beta-2 frequency power extracted from the PCC and the precuneus showed a positive correlation with the
BOLD response of the right frontal cortex. Our results support the notion of beta-band activity governing the ‘‘status quo’’ in
cognitive and motor setup. The highly significant correlation found between the delta power within the DMN and the
parahippocampal gyrus is in line with the association of delta frequencies with memory processes. We assumed ‘‘ongoing
activity’’ during ‘‘resting state’’ in bringing events from the past to the mind, in which the parahippocampal gyrus is a
relevant structure. Our data demonstrate that spontaneous BOLD fluctuations within the DMN are associated with different
EEG-bands and strengthen the conclusion that this network is characterized by a specific electrophysiological signature
created by combination of different brain rhythms subserving different putative functions.
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Introduction
Resting state network (RSN) activity can be defined as coherent
and spontaneous fluctuations of human brain activity in distinct
and spatially separate networks of varying granularity when
subjects are not engaged in a particular task or superior cognitive
processes. The concept was developed as a consequence of
evaluating the functional connectivity among brain regions
displaying spontaneous functional magnetic resonance (fMRI)
activity recorded at rest [1–4]. Biswal et al. took the first steps when
they demonstrated a high correlation and temporal synchrony of
the blood oxygenation level dependent (BOLD) contrast in series
of relatively distant brain regions [5]. The existence and
characteristics of the RSNs have been further studied in a series
of magnetic resonance imaging and positron emission tomography
studies [6–8] and their abnormalities have been related to
neurological and psychiatric conditions [9]. Changes in the
connectivity and patterns of the RSNs have also been described
during normal human sleep [10,11]. Additionally, RSN changes
have been described in normal aging [12]. The importance of
RSN activity is also highlighted by the physiological energy
demand of the brain during ‘‘rest’’: 60% to 80% of the brain’s
energy usage is used to support communication among neurons
and basal activity; the additional energy burden associated with
transient demands such as evoked activity is as little as 0.5% to 1%
of the total energy [13].
One of the most frequently studied and robustly measurable
RSN is the default mode network (DMN), which is thought to
characterize basal neural activity [13–15]. It comprises the
precuneus, anterior cingulate cortex (ACC), posterior cingulate
cortex (PCC) and lateral parietal inferior gyri [9,16,17]. The
activity of the DMN has been linked to introspection, self-
referential thought and integration of cognitive and emotional
processing [2]. RSNs are referred to as ‘‘low frequency’’ signals in
reference to their spectral power distribution [18]. The actual
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neuronal basis of the low frequency BOLD signal oscillations is not
completely understood and has spawned a debate about the
possibility that these BOLD signals arise from respiratory or
cardiac oscillations [19–23].
In contrast to the indirect character of the BOLD signal,
electroencephalography (EEG) is a direct measure of neuronal
activity, and provides an effective means of measuring neuronal
firing [24,25]. It requires the synchronous activity of a large
number of neurons to generate measurable electric potentials at
the scalp. It thereby poses the problem of source localization (an
inverse problem), in which only surface measurements are made of
signals originating inside a conductive volume [26]. In this sense,
simultaneous fMRI-EEG has gained attention due to the
complementary temporal and spatial resolutions inherent to each
technique [27]. This simultaneous multimodal approach has the
potential to control for confounding factors such as the arousal
level and the differences of the physiological state at rest.
The relationship between EEG and fMRI signals is still a topic
of ongoing research. Based on a study in anaesthetised monkeys
undergoing fMRI and microelectrode recordings by Logothetis et
al., it was suggested that the BOLD signal is governed by local field
potentials [28]. However, the exact mechanism of coupling
between the hemodynamic response measured by BOLD-fMRI
and the underlying neuronal activity is poorly understood and is
an area of intensive discussion and research [6,29,30].
Previous simultaneous fMRI-EEG studies have focused on the
alpha and beta frequency bands and they suggest that the BOLD
signal in visual regions and other cortical areas is negatively
correlated with posterior alpha fluctuations observed in the EEG
data [25,31]. Laufs et al. observed that ‘‘positive correlation with
alpha power (and the BOLD signal) was sparse and restricted to
two foci in the cingulate gyrus and occipital cortex’’, although they
observed a ‘‘widespread negative correlation with alpha power in a
bilateral fronto-parietal network’’ [31]. For the beta-band, Laufs et
al. report positive correlations with structures belonging to the
DMN network [25,31]. Moosmann et al. reported, in a combined
fMRI-EEG and near infrared spectroscopy (NIRS) study, an
inverse relationship between alpha activity and BOLD signal in
the occipital cortex. The NIRS-EEG results showed a positive
correlation in the occipital cortex between alpha activity and
fluctuations of deoxygenated haemoglobin with a temporal shift of
about 8 seconds. Moosmann et al. proposed that alpha activity in
the occipital cortex is associated with metabolic deactivation [32].
Furthermore, Goldman et al. showed in an early fMRI-EEG study
at 3 T, that increased alpha-band power was correlated with
decreased BOLD signal in the occipital, superior temporal,
inferior frontal and cingulate cortex, and with increased signal in
the thalamus and insula [33].
Several other studies have investigated the functional link
between EEG oscillations and RSNs using different approaches.
Mantini et al. concluded that the sensorimotor RSN is primarily
associated with beta-band oscillations, and that the visual RSN is
associated with all frequency bands except gamma [34]. Jann et al.
proposed that EEG frequency bands and their topographies can
be seen as electrophysiological signatures of the underlying
distributed neuronal RSNs, and they reported that the activity
of DMN was associated with increased alpha activity in occipital
electrodes and beta activity in parietal electrodes [35]. Knyazev et
al. found, via independent component analysis (ICA), that only the
spatial patterns of the alpha-band showed an overlap with the
DMN, suggesting that the primary function of alpha oscillations is
the synchronization of internal mental processes [36]. In a recent
study, Sadaghiani et al. [37] used simultaneous fMRI-EEG to
analyse the relationship between a given frequency band in EEG
and the BOLD signal, although focusing on phase synchroniza-
tion. Based on the hypothesis that alpha-band oscillations function
as an ‘‘active inhibitory mechanism that gates and controls sensory
information processing’’, a positive correlation was found between
upper alpha-band phase synchrony and the BOLD signal in
prefrontal and parietal regions [37].
ICA in fMRI data analysis has been demonstrated to be a
reliable tool for identifying patterns of activation, image artefacts
and RSNs [14,38,39]. The resulting activation maps that
correspond to RSNs differ significantly from the maps of major
blood vessels and motion artefacts. Additionally, the method of
‘dual regression’ was recently introduced, which permits the
identification of inter-subject differences in resting functional
connectivity based on inter-subject similarities within the frame-
work of multi-subject-ICA analysis [40].
The present study investigates EEG power correlates of the
BOLD signal arising in the DMN in simultaneous fMRI-EEG
using ‘dual regression’ as method for assessing inter-subject
variations. In order to investigate whether different EEG
frequency bands correlate with the DMN, frequency and source
localization analyses were performed. We hypothesize that
different frequency bands correlate with BOLD signal fluctuations
of the brain at rest within the DMN.
Materials and Methods
Subjects
During a single session measurement, EEG was recorded
simultaneously with fMRI at 3 T from 15 healthy volunteers (10
males, 5 females, mean age: 28.26 years SD: 7.35) using MR
compatible devices. Written, informed consent was obtained from
all subjects and the study was approved by the Ethics Committee
of the Medicine Faculty of the Rheinisch-Westfa¨lischen Tech-
nischen Hochschule Aachen (RWTH Aachen University). The
study was conducted according to the Declaration of Helsinki.
EEG data were recorded by Brain Vision Recorder (Brain
Products, Gilching, Germany) using a 64-channel MR compatible
EEG system including an MR compatible amplifier and a
synchronisation box (Brain Products, Gilching, Germany). The
EEG cap (BrainCap MR, EasyCap GmbH, Breitbrunn, Germany)
consisted of 63 scalp electrodes distributed according to the 10–10
system and one additional electrode for recording the electrocar-
diogram (ECG). Data were recorded relative to an Fpz reference
and a ground electrode that was located at AFz (10–5 electrode
system) [41]. Data were sampled at 5000 Hz, with a bandpass of
0.016–250 Hz. Impedances at all recording electrodes were kept
below 10 kV.
Functional MRI data were recorded using a 3 T Siemens
Magnetom Trio scanner. Images were acquired using a T2*-
weighted EPI sequence (TR: 2.2 s, TE: 30 ms, FOV: 200 mm,
slice thickness: 3 mm and number of slices: 36). The functional
time series consisted of 165 volumes (6 minutes). Anatomical
images were acquired for every subject using a Magnetization-
Prepared, Rapid Acquisition Gradient-Echo (MP-RAGE) se-
quence (TR: 2250 ms, TE: 3.03 ms, field-of-view:
25662566176 mm3, matrix size: 2566256, flip angle: 9u, 176
sagittal slices with 1 mm slice thickness and GRAPPA factor of 2
with 70 autocalibration signal lines). The subjects were requested
to lie down, close their eyes and relax during the six minutes of
measurement.
EEG data analysis
The EEG data were processed using Brain Vision Analyzer
(Version 2.0. Brain Products, Munich, Germany). Gradient
The Default Mode Network and EEG Spectral Power
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artefact correction was performed using the method proposed by
Allen et al. and included in Brain Vision Analyzer [42]. Data were
down-sampled to 250 Hz and a low-pass filter with a cut-off
frequency of 40 Hz was applied. Re-referencing of the data was
carried out including all EEG channels as a new reference. Pulse
artefact correction was achieved using ICA [43,44]. In order to
obtain independent components (ICs), the extended Infomax ICA
[45] with the Runica algorithm was applied to the whole data set.
The pulse artefact correction was accomplished by visual
identification of components contributing to the artefact and
rejecting them using the ‘Inverse ICA’ tool. ‘Complex demodu-
lation’ was performed in order to extract frequency power at each
data point. The complex demodulation works by transforming the
EEG signal continuously in such a way that the resulting signal
consists only of frequencies that lie within in the defined range
[46]. Complex demodulation is a local version of harmonic
analysis that enables the amplitude and phase of particular
frequency components of a time series to be described as functions
of time.
The frequency bands were defined as follows: delta (0.5–
3.5 Hz), theta (4–7 Hz), alpha-1 (7.5–9.5 Hz), alpha-2 (10–
12 Hz), beta-1 (13–23 Hz) and beta-2 (24–34 Hz), according to
the conventional International Federation of Clinical Neurophys-
iology guideline [47]. For the construction of covariants, EEG
power was extracted from regions-of-interest (ROI) using the Low-
Resolution Electromagnetic Tomography (LORETA) [48] tool
included in Brain Vision Analyzer. LORETA uses a three-shell
spherical head model registered to a standardized stereotactic
space available as digitized MRI data from the Brain Imaging
Centre (Montreal Neurological Institute, MNI305) [49–51].
Registration between spherical and realistic head geometry used
EEG electrode coordinates as implemented in LORETA [52].
The cortical structures comprising the DMN were chosen as
anatomic ROIs: ACC, PCC, precuneus and lateral parietal
inferior gyri. All ROIs were extracted according to the Talairach
atlas coordinates of the Montreal Neurological Institute’s MRI
average of 305 brains [51]. Time courses of EEG activity within
these ROIs were exported as mean activity and used as covariants
in the analysis of the fMRI data. In order to give more validity to
the approach, an additional source localisation analysis of the
alpha-band oscillations (7.5–12 Hz) was performed using LOR-
ETA in search of an occipital source for these oscillations [53].
Additionally, sleep scoring was performed for each individual
using pulse artefact corrected data. This was accomplished
according to the visual scoring of sleep in adults of the American
Academy of Sleep Medicine [54]. The data from all 15 subjects
were segmented in 30 seconds epochs and visually inspected in
search of alpha attenuation in the occipital electrodes. Further-
more slow eye movements and K-complexes were sought in
frontal channels in order to define the wake-sleep stages [54].
Functional MRI data analysis
Functional data were analysed using Multivariate Exploratory
Linear Optimized Decomposition into Independent Components
(MELODIC), included in FSL (FMRIB’s Software Library, www.
fmrib.ox.ac.uk/fsl/). Data pre-processing per subject consisted of
motion correction, brain extraction, spatial smoothing using a
Gaussian kernel with a full-width at half maximum (FWHM) of
6 mm, and high-pass temporal filtering of 100 s. FMRI volumes
were registered to the individual’s structural scan and standard
space (MNI152) images using FMRIB’s Nonlinear Image
Registration. Temporal concatenation ICA was performed across
all functional datasets from each subject using automatic
dimensionality estimation. The resulting ICA maps were thre-
sholded at a mixture-modelling p,0.5. The DMN was identified
by visual inspection and comparison to previously published data
[16,55]. Finally, the dual regression algorithm [40] was applied to
the ICs in order to identify the individual contribution of every
subject to the resting state networks using the spectrum EEG
regional power as a covariant in the dual regression analysis. Here,
the individual’s frequency powers, sampled in the regions stated
above, were tested for correlation with the individual’s z-values of
the IC representing the DMN. The different component maps
were collected across subjects into single 4D files and tested voxel-
wise for statistically significant correlation using nonparametric
permutation testing (10000 permutations) [56]. This resulted in
spatial maps characterizing the voxels whose connection strength
within or to the DMN correlates with the EEG regional power at
each frequency. In order to correct for multiple comparisons
across voxels and maps, the IC maps were thresholded using the
local false discovery rate (FDR) method tolerant to dependency
[57] at p,0.05. The FDR threshold itself was again corrected for
multiple comparisons using the Bonferroni correction method,
resulting in a final significant threshold of p set to ,0.00833 (0.05
divided by 6 due to six frequency bands tested). A graphic
representation of this method is presented in Figure 1.
Results
Sleep scoring of the EEG data recorded from the volunteers
revealed that none of them fulfilled criteria for sleep boundary
[54].
Source localisation of the alpha-band using LORETA con-
firmed an occipital source in all subjects. An average of the signal
across the volunteers is presented in Figure 2.
Twenty-six independent components were found after decom-
position of the functional data by means of ICA; 10 were
neurologically meaningful and 16 were related to noise, head
motion and vascular artefacts. The DMN was identified by visual
inspection as the network comprising the ACC, precuneus, PCC
and lateral parietal inferior gyri [16,55] (Figure 3).
The statistical correlation maps display voxels with significant
correlation values (p,0.00833) with the power of delta, beta-1 and
beta-2 frequencies and spontaneous BOLD signal in the DMN in
several areas in the brain. There were no significant correlations
between BOLD signal in the DMN and power of the theta, alpha-
1 and alpha-2 frequencies after FDR correction.
The delta power extracted from the ACC showed voxels with
positive correlation with the DMN signal in the left parahippo-
campal gyrus and the left temporal pole (Figure 4, a).
The beta-1 frequency power extracted from the PCC showed
voxels with positive correlation with the DMN signal in the right
supplementary motor cortex (Figure 4, b).
The beta-2 frequency power extracted from the PCC and the
precuneus showed voxels with positive correlation with the DMN
signal in the left frontal pole (Figure 4, c–d).
All results are summarized in Table 1.
Discussion
A simultaneous fMRI-EEG study was performed at 3 T in
healthy volunteers to investigate the relationship between the
BOLD signal of the DMN and the power of EEG frequency bands
originating from within anatomical components of the DMN. To
this end, we used a combination of dual regression analysis
(MELODIC) for fMRI and Low Resolution Electromagnetic
Tomography (LORETA) for EEG data. A strong correlation
between the activity of the left parahippocampal gyrus to the
DMN and the delta-band extracted from the ACC was found.
The Default Mode Network and EEG Spectral Power
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Furthermore a positive correlation between the beta-1 frequency
power extracted from the PCC and the connectivity values of the
right supplementary motor cortex was established. In addition, the
beta-2 frequency power extracted from the PCC and the
precuneus showed a positive correlation with DMN connectivity
to right frontal cortex. Furthermore, we verified that such
Figure 1. Methodological approach: LORETA analysis was performed after correction and demodulation for a specific frequency.
The extracted average power was included into the dual regression analysis in order to identify brain structures whose BOLD signal variation
correlates with the power of EEG-frequencies. The image below shows voxels in which alpha power extracted from the ACC was positively correlated
(p,0.00833) with the activity of the DMN.
doi:10.1371/journal.pone.0088214.g001
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correlations were not due to sleep, since the arousal state of our
volunteers was checked via EEG using the visual scoring of sleep in
adults of the American Academy of Sleep Medicine [54].
We consider the source localisation approach as adequate due
to the fact that there was a clear occipital source of the alpha-band
during eyes closed resting state [53], also suggesting that the
artefact correction of the EEG data permitted a successful
application of LORETA (Figure 2).
EEG frequencies have been linked to specific functions as an
‘‘electrophysiological signature’’ of a function, and on the other
hand, a combination of oscillatory rhythms that has been related
to specific functions, with or without predominance of one specific
frequency band. In this sense, gamma-band oscillations have been
related to attention, stimulus selection and integration, movement
preparation, memory formation and conscious awareness [58–63].
Delta-band has been linked to learning, motivation and reward
processes [64,65], as well as to memory encoding and retrieval
[66]. The activity of theta-band has been linked to working
memory, emotional arousal and fear conditioning [64]. The
frontal middle theta has been observed during various cognitive
tasks requiring attention or working memory [67]. The alpha-
band has been associated with working memory functions and
short-term memory. The role of activity in the beta-band,
however, has been less clear and is less well understood. In a
comprehensive review, Engel and Fries suggested that beta-band
activity might be associated to maintenance of motor sets and
cognition [68].
The highly significant correlation between delta power within
the DMN and the parahippocampal gyrus is in line with the
association of delta frequencies with memory processes. We
assumed ‘‘ongoing activity’’ of the volunteer during ‘‘resting state’’
in bringing events from the past to the mind, wherein the
parahippocampal gyrus is a relevant structure [69,70]. Hlinka et al.
reported that in an inter-subject experimental design, a strong
relationship was established between functional connectivity in the
DMN and delta power.
In addition, a robust positive correlation between functional
connectivity in the DMN and beta power was demonstrated [71].
Maintenance of the ‘‘status quo’’ modulated by beta-band activity
has been proposed for the sensorimotor system and for cognition.
It has also been proposed as a function of the DMN. Engel et al.
hypothesized that resting state networks should be distinguished by
beta frequencies [59]. Our multimodal data corroborate these
proposed functions. They show a significant correlation between
beta-band power extracted from the PCC with the frontal pole
providing a mutual link on how the DMN sets the status quo via
frontal input for cognitive functions.
According to the review by Engel et al. ‘‘enhancement or
decrease of beta-band activity may relate not only to the
involvement of top-down processing but also to the contents of
the top-down signal: beta-band activity may be enhanced if the
status quo is given priority over new signals’’ [59]. The link to the
motor system is displayed in our data by significant correlations
between beta-band power extracted from the PCC and the
supplementary motor area (SMA). Engel et al. describe the role of
beta-band activity not in the sense of signalling in the absence of
movement but in indicating the sensorimotor system in order to
maintain the current motor settings.
Our results also suggest that the DMN associates with different
EEG bands as reported by Jann et al. [35] and supports the
conclusion of Mantini et al. according to which a functional
network is characterized by a specific electrophysiological signa-
ture created by the combination of different brain rhythms [34].
Conclusions
In summary, we show that separate frequency domains
originating in distinct subsets of the DMN are correlated with
equally distinct connectivity patterns of the DMN to other cortical
areas. This again highlights the multi-modal role of the DMN,
which therefore cannot be regarded as a homogeneous entity. We
propose fMRI-EEG studies using MELODIC/dual regression and
LORETA as suitable tools to examine these connections in the
Figure 2. Alpha-band source localisation from the averaged
signal across the 15 subjects using LORETA.
doi:10.1371/journal.pone.0088214.g002
Figure 3. DMN identified from the group analysis of the 15 subjects.
doi:10.1371/journal.pone.0088214.g003
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Figure 4. Statistical correlation maps of the EEG frequencies with the DMN signal. Significant voxels thresholded at p,0.00833 for (a)
delta-band extracted from the ACC (b) beta-1 frequency extracted from the PCC, (c) beta-2 frequency extracted from the PCC and (d) beta-2
frequency extracted from the precuneus.
doi:10.1371/journal.pone.0088214.g004
Table 1. MNI coordinates of clusters with minimal correlation p values with the DMN signal. Structures defined according to the
Harvard-Oxford Cortical Structural Atlas.
EEG frequency
and area
Regions of minimum p value according to the Harvard-Oxford
Cortical Structural Atlas Min. p value MNI coordinates
x y z
Delta extracted from
the ACC
34% Left Parahippocampal Gyrus, anterior division, 6% Left Temporal
Fusiform Cortex, anterior division, 2% Left Temporal Fusiform Cortex,
posterior division
0.005 230 22 232
77% Left Temporal Pole 0.008 242 10 240
Beta-1 extracted from
the PCC
60% Right Juxtapositional Lobule Cortex (formerly Supplementary
Motor Cortex), 7% Left Juxtapositional Lobule Cortex (formerly
Supplementary Motor Cortex), 3% Right Precentral Gyrus
0.004 2 26 64
Beta-2 extracted from
the PCC
16% Left Frontal Pole 0.001 222 50 4
Beta 2 extracted from
the precuneus
16% Left Frontal Pole 0.003 222 50 4
doi:10.1371/journal.pone.0088214.t001
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normal brain and in other conditions such as ageing and
neuropsychiatric diseases.
Acknowledgments
We acknowledge the Marie Curie Initial Training Network (MC-ITN)
‘‘Methods in Neuroimaging’’, project number MC-ITN- 238593. We
thank Dr. Michael Poole for his suggestions on the manuscript. We
acknowledge the Helmholtz Alliance ICEMED - Imaging and Curing
Environmental Metabolic Diseases, through the Initiative and Networking
Fund of the Helmholtz Association.
Author Contributions
Conceived and designed the experiments: IN JA. Performed the
experiments: IN JA WK KH FB NJS. Contributed reagents/materials/
analysis tools: IN JA CW NJS. Wrote the paper: IN JA CW NJS.
References
1. Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in
the motor cortex of resting human brain using echo-planar MRI. Magn Reson
Med 34: 537–541.
2. Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in
the resting brain: a network analysis of the default mode hypothesis. Proc Natl
Acad Sci U S A 100: 253–258.
3. Chen ACN, Feng W, Zhao H, Yin Y, Wang P (2008) EEG default mode
network in the human brain: spectral regional field powers. Neuroimage 41:
561–574.
4. Lowe MJ, Dzemidzic M, Lurito JT, Mathews VP, Phillips MD (2000)
Correlations in low-frequency BOLD fluctuations reflect cortico-cortical
connections. Neuroimage 12: 582–587.
5. Biswal BB, Van Kylen J, Hyde JS (1997) Simultaneous assessment of flow and
BOLD signals in resting-state functional connectivity maps. NMR Biomed 10:
165–170.
6. Fox PT, Raichle ME (1986) Focal physiological uncoupling of cerebral blood
flow and oxidative metabolism during somatosensory stimulation in human
subjects. Proc Natl Acad Sci U S A 83: 1140–1144.
7. Fox PT, Raichle ME, Mintun MA, Dence C (1988) Nonoxidative glucose
consumption during focal physiologic neural activity. Science 241: 462–464.
8. Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s default
network: anatomy, function, and relevance to disease. Ann N Y Acad Sci 1124:
1–38.
9. Greicius MD, Srivastava G, Reiss AL, Menon V (2004) Default-mode network
activity distinguishes Alzheimer’s disease from healthy aging: evidence from
functional MRI. Proc Natl Acad Sci U S A 101: 4637–4642.
10. Tagliazucchi E, von Wegner F, Morzelewski A, Brodbeck V, Jahnke K, et al.
(2013) Breakdown of long-range temporal dependence in default mode and
attention networks during deep sleep. Proc Natl Acad Sci U S A 110: 15419–
15424.
11. Sa¨mann PG, Wehrle R, Hoehn D, Spoormaker VI, Peters H, et al. (2011)
Development of the brain’s default mode network from wakefulness to slow wave
sleep. Cereb Cortex 21: 2082–2093.
12. Damoiseaux JS, Beckmann CF, Arigita EJS, Barkhof F, Scheltens P, et al. (2008)
Reduced resting-state brain activity in the ‘‘default network’’ in normal aging.
Cereb Cortex 18: 1856–1864.
13. Raichle ME, Snyder AZ (2007) A default mode of brain function: a brief history
of an evolving idea. Neuroimage 37: 1083–90; discussion 1097–9.
14. Beckmann CF, DeLuca M, Devlin JT, Smith SM (2005) Investigations into
resting-state connectivity using independent component analysis. Philos
Trans R Soc Lond B Biol Sci 360: 1001–1013.
15. Damoiseaux JS, Rombouts SARB, Barkhof F, Scheltens P, Stam CJ, et al. (2006)
Consistent resting-state networks across healthy subjects. Proc Natl Acad
Sci U S A 103: 13848–13853.
16. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)
A default mode of brain function. Proc Natl Acad Sci U S A 98: 676–682.
17. Fransson P (2005) Spontaneous low-frequency BOLD signal fluctuations: an
fMRI investigation of the resting-state default mode of brain function hypothesis.
Hum Brain Mapp 26: 15–29.
18. Cole DM, Smith SM, Beckmann CF (2010) Advances and pitfalls in the analysis
and interpretation of resting-state FMRI data. Front Syst Neurosci 4: 8.
19. Birn RM, Diamond JB, Smith MA, Bandettini PA (2006) Separating respiratory-
variation-related fluctuations from neuronal-activity-related fluctuations in
fMRI. Neuroimage 31: 1536–1548.
20. Birn RM, Smith MA, Jones TB, Bandettini PA (2008) The respiration response
function: the temporal dynamics of fMRI signal fluctuations related to changes
in respiration. Neuroimage 40: 644–654.
21. De Munck JC, Gonc¸alves SI, Faes TJC, Kuijer JPA, Pouwels PJW, et al. (2008)
A study of the brain’s resting state based on alpha band power, heart rate and
fMRI. Neuroimage 42: 112–121.
22. Shmueli K, van Gelderen P, de Zwart JA, Horovitz SG, Fukunaga M, et al.
(2007) Low-frequency fluctuations in the cardiac rate as a source of variance in
the resting-state fMRI BOLD signal. Neuroimage 38: 306–320.
23. Wise RG, Ide K, Poulin MJ, Tracey I (2004) Resting fluctuations in arterial
carbon dioxide induce significant low frequency variations in BOLD signal.
Neuroimage 21: 1652–1664.
24. Nunez PL, Silberstein RB (2000) On the relationship of synaptic activity to
macroscopic measurements: does co-registration of EEG with fMRI make sense?
Brain Topogr 13: 79–96.
25. Laufs H, Krakow K, Sterzer P, Eger E, Beyerle A, et al. (2003)
Electroencephalographic signatures of attentional and cognitive default modes
in spontaneous brain activity fluctuations at rest. Proc Natl Acad Sci U S A 100:
11053–11058.
26. Koles ZJ (1998) Trends in EEG source localization. Electroencephalogr Clin
Neurophysiol 106: 127–137.
27. Shah NJ, Oros-Peusquens A-M, Arrubla J, Zhang K, Warbrick T, et al. (2013)
Advances in multimodal neuroimaging: hybrid MR-PET and MR-PET-EEG at
3 T and 9.4 T. J Magn Reson 229: 101–115.
28. Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001)
Neurophysiological investigation of the basis of the fMRI signal. Nature 412:
150–157.
29. Malonek D, Dirnagl U, Lindauer U, Yamada K, Kanno I, et al. (1997) Vascular
imprints of neuronal activity: relationships between the dynamics of cortical
blood flow, oxygenation, and volume changes following sensory stimulation.
Proc Natl Acad Sci U S A 94: 14826–14831.
30. Malonek D, Grinvald A (1996) Interactions between electrical activity and
cortical microcirculation revealed by imaging spectroscopy: implications for
functional brain mapping. Science 272: 551–554.
31. Laufs H, Holt JL, Elfont R, Krams M, Paul JS, et al. (2006) Where the BOLD
signal goes when alpha EEG leaves. Neuroimage 31: 1408–1418.
32. Moosmann M, Ritter P, Krastel I, Brink A, Thees S, et al. (2003) Correlates of
alpha rhythm in functional magnetic resonance imaging and near infrared
spectroscopy. Neuroimage 20: 145–158.
33. Goldman RI, Stern JM, Engel J, Cohen MS (2002) Simultaneous EEG and
fMRI of the alpha rhythm. Neuroreport 13: 2487–2492.
34. Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M (2007)
Electrophysiological signatures of resting state networks in the human brain.
Proc Natl Acad Sci U S A 104: 13170–13175.
35. Jann K, Kottlow M, Dierks T, Boesch C, Koenig T (2010) Topographic
electrophysiological signatures of FMRI Resting State Networks. PLoS One 5:
e12945.
36. Knyazev GG, Slobodskoj-Plusnin JY, Bocharov A V, Pylkova L V (2011) The
default mode network and EEG alpha oscillations: an independent component
analysis. Brain Res 1402: 67–79.
37. Sadaghiani S, Scheeringa R, Lehongre K, Morillon B, Giraud A-L, et al. (2010)
Intrinsic connectivity networks, alpha oscillations, and tonic alertness: a
simultaneous electroencephalography/functional magnetic resonance imaging
study. J Neurosci 30: 10243–10250.
38. Kiviniemi V, Kantola J-H, Jauhiainen J, Hyva¨rinen A, Tervonen O (2003)
Independent component analysis of nondeterministic fMRI signal sources.
Neuroimage 19: 253–260.
39. Beckmann CF, Smith SM (2004) Probabilistic independent component analysis
for functional magnetic resonance imaging. IEEE Trans Med Imaging 23: 137–
152.
40. Filippini N, MacIntosh BJ, Hough MG, Goodwin GM, Frisoni GB, et al. (2009)
Distinct patterns of brain activity in young carriers of the APOE-e4 allele. Proc
Natl Acad Sci 106: 7209–7214.
41. Oostenveld R, Praamstra P (2001) The five percent electrode system for high-
resolution EEG and ERP measurements. Clin Neurophysiol 112: 713–719.
42. Allen PJ, Josephs O, Turner R (2000) A method for removing imaging artifact
from continuous EEG recorded during functional MRI. Neuroimage 12: 230–
239.
43. Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, et al. (2000)
Removing electroencephalographic artifacts by blind source separation.
Psychophysiology 37: 163–178.
44. Vanderperren K, De Vos M, Ramautar JR, Novitskiy N, Mennes M, et al.
(2010) Removal of BCG artifacts from EEG recordings inside the MR scanner: a
comparison of methodological and validation-related aspects. Neuroimage 50:
920–934.
45. Lee TW, Girolami M, Sejnowski TJ (1999) Independent component analysis
using an extended infomax algorithm for mixed subgaussian and supergaussian
sources. Neural Comput 11: 417–441.
46. Walter DO (1968) The method of complex demodulation. Electroencephalogr
Clin Neurophysiol: Suppl 27:53–7.
47. Nuwer MR, Comi G, Emerson R, Fuglsang-Frederiksen A, Gue´rit JM, et al.
(1999) IFCN standards for digital recording of clinical EEG. The International
Federation of Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol
Suppl 52: 11–14.
The Default Mode Network and EEG Spectral Power
PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | e88214
48. Pascual-Marqui RD, Michel CM, Lehmann D (1994) Low resolution
electromagnetic tomography: a new method for localizing electrical activity in
the brain. Int J Psychophysiol 18: 49–65.
49. Evans AC, Marrett S, Neelin P, Collins L, Worsley K, et al. (1992) Anatomical
mapping of functional activation in stereotactic coordinate space. Neuroimage 1:
43–53.
50. Collins DL, Neelin P, Peters TM, Evans AC (1994) Automatic 3D intersubject
registration of MR volumetric data in standardized Talairach space. J Comput
Assist Tomogr 18: 192–205.
51. Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, et al. (2000)
Automated Talairach atlas labels for functional brain mapping. Hum Brain
Mapp 10: 120–131.
52. Towle VL, Bolan˜os J, Suarez D, Tan K, Grzeszczuk R, et al. (1993) The spatial
location of EEG electrodes: locating the best-fitting sphere relative to cortical
anatomy. Electroencephalogr Clin Neurophysiol 86: 1–6.
53. Cuspineda ER, Machado C, Virues T, Martı´nez-Montes E, Ojeda A, et al.
(2009) Source analysis of alpha rhythm reactivity using LORETA imaging with
64-channel EEG and individual MRI. Clin EEG Neurosci 40: 150–156.
54. Silber MH, Ancoli-Israel S, Bonnet MH, Chokroverty S, Grigg-Damberger
MM, et al. (2007) The visual scoring of sleep in adults. J Clin Sleep Med 3: 121–
131.
55. Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, et al. (2009)
Correspondence of the brain’s functional architecture during activation and
rest. Proc Natl Acad Sci U S A 106: 13040–13045.
56. Nichols TE, Holmes AP (2002) Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum Brain Mapp 15: 1–25.
57. Benjamini Y, Yekutieli D (2001) The control of the false discovery rate in
multiple testing under dependency. Ann Stat 29: 1165–1188.
58. Mantini D, Vanduffel W (2013) Emerging roles of the brain’s default network.
Neuroscientist 19: 76–87.
59. Engel AK, Fries P, Singer W (2001) Dynamic predictions: oscillations and
synchrony in top-down processing. Nat Rev Neurosci 2: 704–716.
60. Engel AK, Ko¨nig P, Kreiter AK, Schillen TB, Singer W (1992) Temporal
coding in the visual cortex: new vistas on integration in the nervous system.
Trends Neurosci 15: 218–226.
61. Fries P (2005) A mechanism for cognitive dynamics: neuronal communication
through neuronal coherence. Trends Cogn Sci 9: 474–480. Available: http://
www.ncbi.nlm.nih.gov/pubmed/16150631. Accessed 2013 Aug 6.
62. Fries P (2009) Neuronal gamma-band synchronization as a fundamental process
in cortical computation. Annu Rev Neurosci 32: 209–224.
63. Jensen O, Kaiser J, Lachaux J-P (2007) Human gamma-frequency oscillations
associated with attention and memory. Trends Neurosci 30: 317–324.
64. Knyazev GG (2007) Motivation, emotion, and their inhibitory control mirrored
in brain oscillations. Neurosci Biobehav Rev 31: 377–395.
65. Steriade M, McCormick DA, Sejnowski TJ (1993) Thalamocortical oscillations
in the sleeping and aroused brain. Science 262: 679–685.
66. Ekstrom AD, Watrous AJ (2013) Multifaceted roles for low-frequency oscillations
in bottom-up and top-down processing during navigation and memory.
Neuroimage.
67. Burgess AP, Gruzelier JH (1997) Short duration synchronization of human theta
rhythm during recognition memory. Neuroreport 8: 1039–1042.
68. Engel AK, Fries P (2010) Beta-band oscillations–signalling the status quo? Curr
Opin Neurobiol 20: 156–165.
69. Bas¸ar E, Schmiedt-Fehr C, Oniz A, Bas¸ar-Erog˘lu C (2008) Brain oscillations
evoked by the face of a loved person. Brain Res 1214: 105–115.
70. Wacker J, Dillon DG, PizzagalliD a (2009) The role of the nucleus accumbens
and rostral anterior cingulate cortex in anhedonia: integration of resting EEG,
fMRI, and volumetric techniques. Neuroimage 46: 327–337.
71. Hlinka J, Alexakis C, Diukova A, Liddle PF, Auer DP (2010) Slow EEG pattern
predicts reduced intrinsic functional connectivity in the default mode network:
an inter-subject analysis. Neuroimage 53: 239–246.
The Default Mode Network and EEG Spectral Power
PLOS ONE | www.plosone.org 8 February 2014 | Volume 9 | Issue 2 | e88214
